Mutations in Adenomatous polyposis coli (APC) underlie familial adenomatous polyposis (FAP), an inherited cancer syndrome characterized by the widespread development of colorectal polyps. APC is best known as a scaffold protein in the β-catenin destruction complex, whose activity is antagonized by canonical Wnt signaling. Whether other effector pathways mediate APC's tumor suppressor function is less clear. Here we report that activation of YAP, the downstream effector of the Hippo signaling pathway, is a general hallmark of tubular adenomas from FAP patients. We show that APC functions as a scaffold protein that facilitates the Hippo kinase cascade by interacting with Sav1 and Lats1. Consistent with the molecular link between APC and the Hippo signaling pathway, genetic analysis reveals that YAP is absolutely required for the development of APC-deficient adenomas. These findings establish Hippo-YAP signaling as a critical effector pathway downstream from APC, independent from its involvement in the β-catenin destruction complex. We showed previously that inactivation of the Hippo pathway tumor suppressor Sav1 in mouse intestines results in activation of the YAP oncoprotein and the development of sessile serrated polyps (SSPs) , which are precursors for less than one-third of human colorectal cancer (Rex et al. 2012 ). In contrast, YAP overexpression and/or nuclear accumulation were reported in the majority of 28 uncategorized human colon cancer samples in one study (Steinhardt et al. 2008 ) and in 68 out of 71 colon carcinomas in another study (Zhou et al. 2011) . Such discrepancies suggest the existence of a more pervasive mechanism that restricts YAP activity in normal intestinal epithelia. Since APC is mutated in nearly all human colorectal cancers (Markowitz and Bertagnolli 2009), an attractive hypothesis is that loss of APC may be the underlying cause for the prevalent activation of YAP observed in these cancers.
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In this page In a new window Download as PowerPoint Slide that phosphorylation of YAP at both S112 and S366 (corresponding to S127 and S381 of human YAP) was significantly decreased in the APC Min /+ adenomas compared with the nonneoplastic tissues from the same animal (Fig. 1D) . The nuclear accumulation and overall increase of YAP in APC Min /+ adenomas prompted us to investigate whether YAP is also activated in tubular adenomas of familial adenomatous polyposis (FAP) patients, who carry germline mutations in one allele of APC and develop hundreds of adenomas in the colon after inactivation of the wild-type allele by loss of heterozygosity. We therefore examined YAP and β-catenin staining in an archival collection of 175 histologically documented tubular adenomas that had been endoscopically removed from FAP patients. As expected, the majority of the adenomas (149 out of 175) showed nuclear accumulation of β-catenin ( Fig. 1E ; Supplemental Fig. S1 ). Strikingly, nearly all of the adenomas (174 out of 175) exhibited nuclear accumulation of YAP in the neoplastic epithelia compared with their nonneoplastic neighbors ( Fig. 1F ; Supplemental Fig. S1 ), suggesting that YAP activation is a general hallmark of tubular adenomas. Besides tubular adenomas, mutations in APC are also frequently detected in human pancreatic acinar cell carcinomas (Abraham et al. 2002) . Examination of an archival collection of 43 histologically documented pancreatic acinar cell carcinomas revealed that the majority of them showed nuclear accumulation of β-catenin (37 out of 43) and YAP (38 out of 43) (Fig. 1G, H; Supplemental Fig. S1 ). Thus, YAP activation is observed in multiple APC-deficient tumor types in mice and humans.
YAP is activated by acute loss of APC but not by activation of β-catenin
To demonstrate that YAP activation is a direct consequence of APC deficiency rather than a secondary consequence of adenoma formation, we generated Lgr5-EGFP-IRES-creER T2 ;APC flox/flox mice. Intraperitoneal injection of tamoxifen induced acute loss of APC in a fraction of intestinal stem cells as described (Barker et al. 2009 ). Fifteen days after tamoxifen injection, nuclear accumulation of β-catenin, an indication of APC inactivation, was observed in the jejunal crypts in a mosaic pattern ( Fig. 2A) . Like the APC Min /+ adenomas, the crypts with acute APC inactivation also showed much higher YAP staining than the neighboring nonmutant crypts (Fig. 2B) , while phospho-YAP S112 staining intensity was comparable between the two types of crypts (Fig. 2C) . These results suggest that acute loss of APC also activates YAP. analysis. Protein extracts from APC-deficient, β-catenin-stabilized, and control jejunal tissues 4 wk after tamoxifen injection were probed with the indicated antibodies. (Top gels) Equal amounts of the indicated extracts (1:1) were analyzed. (Bottom gels) Normal and diluted mutant extracts (1:0.1 for APC, and 1:0.5 for Δex3) were analyzed for YAP, p-YAP S112 , and p-YAP S366 . The ratios of p-YAP S112 over total YAP and of p-YAP S366 over total YAP were quantified. Data are mean ± SD. n = 3. (*) P < 0.05, t-test. (H) Western blot analysis. Protein extracts from APC-deficient and control jejunal tissues 4 wk after tamoxifen injection and protein extracts from normal tissues and adenomas of 3-mo-old APC Min /+ mouse colons were probed with the indicated antibodies. (Top gels) Equal amounts of the indicated extracts (1:1) were analyzed. (Bottom gels) Normal and diluted mutant extracts (1:0.1 for APC mutant, and 1:0.2 for APC Min /+ adenoma) were analyzed for Lats1 and p-Lats. (I) Western blot analysis. Protein extracts from HEK293 (control), HEK293 with CRISPR-Cas9-engineered APC knockout (APCKO), and HEK293 cells with APC or Lats1/2 RNAi were probed with the indicated antibodies. The ratios of p-Mst over Mst1, p-Lats over Lats1, p-YAP S112 over total YAP, and p-YAP S366 over total YAP were quantified. Data are mean ± SD. n = 3. (*) P < 0.001, t-test.
It was reported that β-catenin can promote the mRNA expression or protein stability of YAP (Konsavage et al. 2012; Wang et al. 2013) . These findings raise the possibility that YAP activation after loss of APC may be merely due to increased β-catenin activity. To examine this possibility, we used the same Lgr5-EGFP-IRES-creER T2 driver described above to express a stabilized and activated form of β-catenin (Δex3) (Harada et al. 1999) . Fifteen days after tamoxifen injection in the Lgr5-EGFP-IRES-creER T2 ;Catnb +/lox(ex3) mice, stabilized nuclear β-catenin was expressed in the jejunal crypts in a mosaic pattern (Fig. 2D) . Despite the activation of β-catenin in both Lgr5-EGFP-IRES-creER T2 -induced models, the APC-deficient and β-catenin-stabilized models differ in the status of YAP. Unlike the nuclear accumulation of YAP in the APC-deficient crypts (Fig. 2B) , the β-catenin-stabilized crypts showed diffuse YAP staining throughout the cell without clear nuclear accumulation (Fig. 2E) . Meanwhile, the β-catenin-stabilized crypts showed slightly increased phospho-YAP S112 staining compared with the normal epithelia (Fig. 2F) . We inferred from these observations that Hippo signaling activity, as indicated by the relative View larger version:
In this page In a new window Download as PowerPoint Slide ratio of phospho-YAP S112 versus total YAP, was decreased in the APC-deficient crypts but not the β-catenin-stabilized crypts. This was confirmed by Western blot analysis of cell lysates from APC-deficient and β-catenin-stabilized jejunal tissues. While lysates from both mutant tissues showed increased YAP protein levels, the relative p-YAP S112 /YAP or p-YAP S366 /YAP ratios were decreased only in the APC-deficient tissues (Fig. 2G) . Thus, loss of APC, but not activation of β-catenin, impairs YAP phosphorylation and activates YAP.
APC functions as a scaffold protein that facilitates the Hippo kinase cascade
The effect of APC inactivation on YAP phosphorylation in the intestines resembles that caused by loss of Sav1 or Mst1/2 Zhou et al. 2011), suggesting that APC may regulate YAP phosphorylation through the Hippo pathway. To investigate this further, we analyzed the status of Mst1/2 and Lats1/2 phosphorylation in jejunal lysates from the Lgr5-EGFP-IRES-creER T2 ;APC flox/flox mice. Like YAP, the Lats1 protein level was dramatically increased in the APC-deficient jejunum. This is at least partly due to the expansion of jejunal crypts, which normally express much higher levels of Lats1 (Supplemental Fig. S2 ). When Lats1 loading was adjusted to comparable levels, it was evident that the relative ratio of phosphorylated Lats to total Lats1 (p-Lats/Lats1), but not p-Mst/Mst1, was decreased in APC-deficient tissues (Fig. 2H) . These results suggest that APC intersects the Hippo kinase cascade upstream of Lats1 activation.
To complement the genetic analysis, we examined the effect of APC on the Hippo kinase cascade in cultured cells. Consistent with our in vivo observations, RNAi knockdown of APC in HEK293 cells resulted in decreased phosphorylation of YAP and Lats1/2 but not Mst1/2 (Fig. 2I) . The effect of APC RNAi on YAP phosphorylation resembles that of Lats1/2 RNAi (Fig. 2I) . We further confirmed this result by engineering APC-null HEK293 cells using the CRISPR/Cas9 technology. Compared with the parental HEK293 cells, APC-null HEK293 cells showed decreased phosphorylation of YAP and Lats1/2 without affecting Mst1/2 phosphorylation (Fig. 2I) . We note that loss of APC in HEK293 cells by either RNAi or CRISPR/Cas9 knockout did not affect Lats1 protein level, which supports our view that the dramatic increase of Lats1 in the APC-deficient jejunal lysates is not due to the stabilization of Lats1 per se but rather the expansion of the Lats1-positive crypts (Supplemental Fig. S2 ). Taken together, both in vivo and in vitro analyses implicate APC as a regulator of the Hippo kinase cascade acting upstream of Lats1 activation.
To investigate how APC intersects the Hippo pathway, we examined potential interactions between APC and core components of the Hippo kinase cascade. Coimmunoprecipitation (co-IP) assays with epitope-tagged proteins revealed that APC interacted with Sav1 and Lats1 (Fig. 3A,B) but not Mst2, Mob1, or YAP in HEK293 cells (Supplemental Fig. S3A-C) . These interactions were confirmed between endogenous APC and Lats1 and between endogenous APC and HA-tagged Sav1 (Fig. 3C) . Interestingly, previous studies of Hippo pathway interactome using immunoprecipitation-mass spectrometry have identified APC as a Hippo pathway-interacting protein in both Drosophila and mammalian cells: APC was identified in HeLa cells in Lats2 immunoprecipitation (Couzens et al. 2013 ) and in Drosophila S2R + cells in the immunoprecipitation of multiple Hippo pathway core components, including Hpo, Sav, Wts, and Yki (Kwon et al. 2013 ). These results suggest that APC, through its conserved interactions with Sav1 and Lats, may serve as a scaffold that facilitates the formation of the Hippo core kinase cassette and hence promotes Lats activation. Consistent with this hypothesis, overexpression of APC specifically enhanced Sav1-Lats1interactions (Fig. 3D ) without affecting Mst2-Sav1 or Lats1-Mob1 interactions in HEK293 cells (Supplemental Fig. S3D ,E). Conversely, both RNAi knockdown and CRISPR/Cas9-mediated knockout of endogenous APC impaired Sav1-Lats1 interactions in HEK293 cells (Fig. 3E,F) . 
The scaffolding function of APC in facilitating the Hippo kinase cascade is regulated by GSK-3β but not Wnt3a
The results presented above suggest that APC directly regulates the Hippo kinase cascade independently of the Wnt signaling effector β-catenin. To investigate whether the scaffolding function of APC in the Hippo kinase cascade is regulated, we first examined the effect of Wnt3a, a ligand for canonical Wnt signaling. Treating HEK293 cells with recombined human Wnt3a resulted in β-catenin accumulation but had no effect on Mst, Lats, or YAP phosphorylation (Supplemental Fig. S3F ). Likewise, stabilization of Axin2 by XAV939, a tankyrase inhibitor, had no effect on Lats or YAP phosphorylation (Supplemental Fig. S3G ). In contrast, inhibition of GSK-3β activity with 6-bromoindirubin-3′-oxime (BIO) resulted in not only β-catenin accumulation but also decreased phosphorylation of Lats and YAP (at both YAP S127 and YAP S381 ) as well as increased YAP protein levels (Fig. 3G ). Consistent with a previous report that YAP S381 phosphorylation leads to β-Trcp-mediated YAP degradation (Zhao et al. 2010b) , BIO treatment reduced the interactions between YAP and β-Trcp (Fig. 3H ), which likely accounts for BIO-induced accumulation of endogenous YAP in HEK293 cells (Fig. 3G ). Further analysis revealed that BIO treatment reduced the physical interactions among APC, Sav1, and Lats1 ( Fig. 3I -K) but not Mst2-Sav1 or Lats1-Mob1 interactions (Supplemental Fig. S3H,I ). These results suggest that the scaffold function of APC in facilitating the Hippo kinase cascade is regulated by GSK-3β, although the direct substrate of GSK-3β in this regulation remains to be determined. Taken together, we suggest that APC and GSK-3β are common regulators of two parallel pathways: Wnt-β-catenin and Hippo-YAP signaling.
YAP/TAZ and β-catenin are not coregulated by a shared destruction complex in HEK293 cells or mouse intestines
Our findings that loss of APC activates YAP due to impaired Hippo kinase cascade differ from a recent report suggesting that YAP/TAZ and β-catenin are coregulated by canonical Wnt signaling through the same APC-containing destruction complex (Azzolin et al. 2014) . According to this model, canonical Wnt signaling or loss of APC would disengage the destruction complex, thereby stabilizing YAP/TAZ and β-catenin directly. However, we found that Wnt3a did not stimulate a YAP-TEAD reporter (8xGTIIC-Lux) in HEK293 cells even though it stimulated a Wnt signaling reporter (TOP-FLASH) under the same conditions (Supplemental Fig. S4A,B) . Using a validated YAP-specific antibody (Novus Biologicals, NB110-58358), we found that Wnt3a did not induce YAP β-Catenin destruction complex-independent regulation of Hippo-YAP si... http://genesdev.cshlp.org/content/29/14/1493.long
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Based on studies in cultured cells, it was suggested that both YAP/TAZ and β-catenin are mutually required for the assembly of the destruction complex (Azzolin et al. 2012 (Azzolin et al. , 2014 . According to this model, loss of β-catenin should result in activation of YAP/TAZ, and, conversely, loss of YAP/TAZ should result in activation of β-catenin. We tested this prediction genetically in mouse intestines. We observed no changes in YAP/TAZ abundance or subcellular localization in β-catenin-deficient colonic epithelium (Supplemental Fig. S4E) , and, conversely, β-catenin abundance or subcellular localization was not altered in colonic epithelium after loss of YAP and TAZ (Supplemental Fig. S4F ). Thus, at least in the intestines, YAP/TAZ and β-catenin are not codependent on each other for degradation. These observations are consistent with previous analysis of SSPs in human and Sav1-deficient mouse colons, which exhibit nuclear accumulation of YAP without activation of β-catenin , and are also consistent with the uncoupled regulation of YAP and β-catenin in ovarian serous carcinomas or pancreatic ductal adenocarcinomas, which rarely have APC mutations (Supplemental Fig. S1 ).
It is worth noting that the APC-deficient intestinal epithelia or adenomas showed not only nuclear accumulation of YAP but also decreased YAP and Lats phosphorylation. These phenotypes are indicative of Hippo signaling defects and cannot be readily explained by direct regulation of YAP through the β-catenin destruction complex. Thus, although YAP and β-catenin may be coregulated by the same destruction complex in some cellular contexts, our findings do not support this coregulation in the intestines.
The combined activation of YAP and β-catenin contributes to the APC-deficient intestinal phenotypes
The above results, together with its well-established role in Wnt signaling, implicate APC as a dual regulator of both Wnt-β-catenin and Hippo-YAP signaling. We conducted further genetic analysis to corroborate this model. A straightforward prediction of our model is that the combined activation of YAP and β-catenin should more closely resemble loss of APC than the activation of each single effector. We tested this prediction by combining loss of Sav1, a well-characterized negative regulator of YAP, with the activated β-catenin mutant β-catenin Δex3 .
We used the Lgr5-EGFP-IRES-creER T2 driver described above to achieve tamoxifen-induced loss of Sav1, expression of stabilized β-catenin mutant Δex3, or loss of APC in adult mice (Fig. 4) . All analyses were conducted 4 wk after tamoxifen injection. Normal jejunum shows clear crypt-villus transition, with Ki67-positive cells restricted to the crypt at the bottom of the crypt-villus axis. Tamoxifen-induced loss of Sav1 did not produce any overt phenotype in the jejunum by histological analysis or Ki67 staining. Tamoxifen-induced loss of APC resulted in greatly expanded, tubular-shaped crypts with Ki67 staining spanning the whole crypt-villus axis, while tamoxifen-induced expression of β-catenin Δex3 resulted in a milder phenotype with less expansion of the crypt structures and Ki67 staining. Interestingly, when combined with β-catenin Δex3 , loss of Sav1 greatly enhanced the mutant phenotype of β-catenin Δex3 .
Histologically, the double-mutant jejunum no longer showed distinct crypt-villus transition, since the crypt structures and Ki67 staining were greatly expanded to cover the whole crypt-villus axis (Fig. 4A,B) . Furthermore, unlike the β-catenin Δex3 jejunum, which showed diffuse YAP staining throughout the cell without clear nuclear accumulation, the β-catenin Δex3 ;Sav1 double-mutant jejunum showed prominent nuclear accumulation of YAP (Fig. 4C) . β-catenin Δex3 ;Sav1 double-mutant jejunum also grew polyps with adenomatous transformation, which was more severe than activation of β-catenin only and more closely resembled the polyps in the APC-deficient jejunum (Supplemental Fig. S6 ). These double-mutant phenotypes more closely resemble those resulting from loss of APC ( Fig. 4A-C ; Supplemental Fig. S6 ), supporting the view that activation of both YAP and β-catenin contributes to the APC-deficient phenotypes. The phenotypic analysis presented above was further supported by microarray analysis of gene expression profiling of the various mutant backgrounds. We identified 1272 genes that were up-regulated in the β-catenin Δex3 ;Sav1 double-mutant jejunum compared with the β-catenin Δex3 jejunum and 2641 genes that were up-regulated in the APC mutant jejunum compared with the β-catenin Δex3 jejunum (Fig. 4D) . The former genes likely represent genes that are selectively responsive to YAP, while the latter genes represent β-catenin-independent targets of APC. Significantly, 990 genes are shared between the two gene sets (Fig. 4D) . Furthermore, these shared genes generally showed similar levels of expression in the β-catenin Δex3 ;Sav1 double-mutant and the APC mutant jejunum ( Fig. 4E ; Supplemental Table S1 ). These data support the view that YAP activation represents a significant portion of the β-cateninindependent output downstream from APC. Gene set enrichment analysis revealed that these YAP-dependent, β-catenin-independent APC targets are enriched for genes involved in growth, cell proliferation, and immune response (Fig. 4F) .
YAP is functionally required for intestinal tumorigenesis resulting from loss of APC
To assess the physiological relevance of YAP as a downstream effector of the APC tumor suppressor, we examined whether inactivation of YAP could suppress adenoma formation in the APC Min /+ mice. We showed previously that YAP is dispensable in normal intestinal development and homeostasis, as VilCre;Yap flox/flox mice are morphologically indistinguishable from wild-type control mice . On the other hand, the APC Min /+ mice develop widespread adenomas throughout the gastrointestinal tract (Moser et al. 1990; Su et al. 1992) . Strikingly, introducing loss of YAP into the APC Min /+ model (VilCre;APC Min /+; Yap flox/flox ) nearly completely abolished adenoma formation in both the small intestine and the colon (Fig. 5A) . The rare adenomas remaining in these animals were due to escaper cells that did not express Cre (as revealed by negative Rosa26LacZ reporter activity in the neoplastic β-Catenin destruction complex-independent regulation of Hippo-YAP si. (Fig. 5B) and therefore failed to delete the Yap gene (as revealed by positive YAP staining and the presence of Yap mRNA in the neoplastic epithelia) (Fig. 5C,D) . Consistent with the reduction in tumor burden, the life span of the VilCre;APC Min /+;Yap flox/flox mice was significantly prolonged compared with the APC Min /+ mice (Fig. 5E ). We further extended our analysis of YAP requirement to another intestinal adenoma model, VilCre;APC flox /+, in which APC is inactivated by Cre-mediated excision of the APC flox allele and loss of the remaining wild-type allele. This model develops multiple adenomas in the small intestine and rare adenomas in the colon (less than one colon adenoma per animal) (Supplemental Fig. S7A) . A complete suppression of adenoma formation in the small intestines of VilCre;APC flox /+;Yap flox/flox mice was observed compared with VilCre;APC flox /+ mice (Supplemental Fig. S7A ). The remaining adenomas in the colons of VilCre;APC flox /+;Yap flox/flox mice were all positive for YAP staining (Supplemental Fig. S7B,C) , suggesting that they were derived from APC −/− cells that had escaped Yap deletion. Taken together, our findings that loss of YAP abolishes adenoma formation in two different models of APC-deficient adenomas (APC Min /+ and VilCre;APC flox /+) demonstrate that YAP is functionally required for the development of APC-deficient adenomas. Thus, inasmuch as YAP is activated by loss of canonical Hippo pathway tumor suppressors such as Sav1 or Mst1/2 and is required for the development of Sav1-or Mst1/2-deficient adenomas Zhou et al. 2011) , YAP is also activated by loss of the APC tumor suppressor and is required for APC-deficient adenomas.
TAZ is transcriptionally regulated by YAP and β-catenin and is functionally required for intestinal tumorigenesis resulting from loss of APC
YAP and its paralog, TAZ, are generally believed to be regulated similarly by the Hippo pathway through phosphorylation-dependent degradation. Indeed, constitutive loss of Sav1 in the VilCre;Sav1 flox/flox intestines resulted in increased YAP protein levels . However, the effect of Sav1 inactivation on TAZ had not been analyzed before. We found that TAZ protein levels were also increased upon constitutive loss of Sav1 in these animals (Fig.  6A) . Unexpectedly, Taz mRNA levels were dramatically up-regulated (>40-fold) in the Sav1-deficient crypts (Fig. 6B) , and this up-regulation was completely reversed in Sav1;Yap double-mutant crypts (Fig. 6B) . These results suggest that TAZ is regulated not only post-transcriptionally through Hippo-mediated phosphorylation but also transcriptionally through YAP. However, unlike YAP, whose inactivation completely suppressed the enlarged and hyperplastic crypt phenotypes in Sav1-deficient intestines , loss of TAZ failed to suppress these Sav1-deficient phenotypes (Fig. 6C) , suggesting that YAP is a more essential effector downstream from the Hippo pathway in the intestine. Interestingly, we found that both TAZ protein and Taz mRNA levels were also up-regulated in APC or β-catenin Δex3 jejunum (Fig. 6D,E) . While the increase β-Catenin destruction complex-independent regulation of Hippo-YAP si... http://genesdev.cshlp.org/content/29/14/1493.long
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In this page In a new window Download as PowerPoint Slide in Taz mRNA levels in the APC mutant could potentially be explained by the activation of YAP in these animals, the increase of Taz mRNA levels in the β-catenin Δex3 jejunum suggests that TAZ must also be regulated transcriptionally through β-catenin. This effect is specific to Taz, as Yap mRNA levels were largely unaltered in either mutant background (Fig. 6E) .
Since APC is a dual regulator of YAP and β-catenin and since TAZ is in turn regulated by both nuclear effectors, we wished to examine the functional contribution of TAZ to intestinal tumorigenesis upon loss of APC. We therefore examined whether inactivation of TAZ could suppress adenoma formation in the APC Min /+ mice. Although TAZ is dispensable in normal intestinal homeostasis (Fig. 6C) , inactivation of TAZ in the APC Min /+ model (VilCre;APC Min /+;Taz flox/flox ) nearly completely abolished adenoma formation in the small intestines (Fig. 6F) . Real-time PCR revealed that the remaining adenomas in these animals were due to escaper cells that failed to delete Taz (Fig. 6G) . We did not detect significant suppression of adenoma number in the colon (Fig. 6F) . This is likely due to incomplete deletion of Taz in the colon, since the adenomas in the double-mutant colon still expressed high levels of Taz (Fig. 6G) . These results suggest that, similar to YAP, TAZ is indispensable for intestinal tumorigenesis upon loss of APC.
Discussion

YAP is a critical downstream effector of APC independent of β-catenin
It is generally believed that β-catenin activation mediates intestinal tumorigenesis caused by APC mutations. The identification of stabilizing mutations of β-catenin in human colorectal cancers (Morin et al. 1997; Sparks et al. 1998 ) and the analysis of transgenic mice expressing stabilized β-catenin mutant protein (Harada et al. 1999; Romagnolo et al. 1999) provided further support for the role of activated β-catenin in APC mutant cancers. However, it has long been appreciated that human colorectal tumors with β-catenin-stabilizing mutations are less severe than those with APC mutations (Samowitz et al. 1999 ).
In agreement with these observations, mice expressing stabilized β-catenin mutant protein exhibited a weaker intestinal phenotype compared with the APC mutant mice (Fig. 4A-C) . This evidence suggests the existence of additional effectors besides β-catenin that mediate the tumor suppressor function of APC.
Our current study identifies YAP as one such effector (Fig. 7A ). An important tenet of our model is that APC regulates Hippo-YAP signaling independently of its involvement in the β-catenin destruction complex. This model is supported by biochemical analysis revealing a direct role for APC in facilitating the Hippo kinase cascade (Fig. 3) as well as genetic analysis showing distinct YAP activation status in intestinal epithelia with APC inactivation versus those expressing a stabilized activated mutant of β-catenin (Fig. 2) . In further support of this model, combined activation of YAP and β-catenin resulted in stronger intestinal phenotypes that more closely resemble those of APC deficiency ( It remains to be determined how combined activation of YAP and β-catenin results in stronger intestinal phenotypes that more closely resemble APC deficiency (Fig. 4) . A recent study suggested that cytoplasmic YAP suppressed Wnt-β-catenin signaling by restraining disheveled in the cytoplasm during intestinal regeneration (Barry et al. 2013 ). In our study, inactivation of APC, the dual regulator of YAP and β-catenin, represents a different context, in which both YAP and β-catenin accumulate in the nucleus and actively transcribe their target genes through association with the transcription factors TEAD and TCF/LEF, respectively. Besides engaging distinct transcription complexes, YAP and β-catenin have also been reported to associate with each other directly in a β-catenin-YAP1-TBX5 complex that is essential for the transformation and survival of β-catenin-driven cancers (Rosenbluh et al. 2012 ). This transcription complex can potentially contribute to the synergistic phenotype observed in animals with combined activation of YAP and β-catenin (Fig. 4) as well as the suppression of APC-deficient tumors by loss of YAP (Fig. 5 ). Besides genes regulated by YAP and/or β-catenin, our expression profiling suggests that APC also regulates additional targets independently of both YAP and β-catenin (Fig. 4D ). Whether these non-YAP/β-catenin targets contribute to intestinal tumorigenesis upon APC inactivation requires further investigation.
Transcriptional regulation of TAZ by YAP and β-catenin
Similar to YAP, TAZ is regulated by Hippo signaling through a phosphorylation-dependent mechanism. Our current study uncovers a previously unappreciated role for YAP and β-catenin in regulating TAZ at the transcriptional level. Thus, APC may regulate TAZ activity through multiple mechanisms:
phosphorylation of TAZ by the Hippo kinase cascade, transcriptional regulation through YAP, and transcriptional regulation through β-catenin. The transcriptional regulation of TAZ by YAP and β-catenin suggests that YAP and TAZ do not simply function redundantly in the intestine but also exhibit an additional epistatic relationship, with TAZ acting downstream from YAP (Fig. 7B) . Our genetic analysis demonstrating that loss of either YAP or TAZ alone is sufficient to suppress the development of APC-deficient intestinal adenomas is consistent with such a relationship. We note that our findings that loss of YAP or TAZ alone is sufficient to suppress adenoma formation in APC min /+ and VilCre;APC flox /+ animals differ from a recent study (Azzolin et al. 2014) that concluded that combined inactivation of YAP and TAZ is required to suppress intestinal hyperplasia caused by acute loss of APC in a VilCreER model. Whether these differences are due to the different onset of APC loss (spontaneous loss during development vs. acute loss in adulthood) or YAP/TAZ loss (embryonic vs. adult deletion) remains to be determined.
The identification of APC as a dual regulator of Wnt-β-catenin and Hippo-YAP pathways has important implications for understanding its tumor suppressor function. We suggest that the characteristic tubular adenoma resulting from loss of APC is due to coactivation of β-catenin and YAP, whereas the activation of each oncoprotein alone results in less severe outcomes (Fig. 7B) . Interestingly, unlike β-catenin, which is required for cell survival in intestinal epithelia (Ireland et al. 2004 ), YAP and TAZ are dispensable for normal intestinal homeostasis Zhou et al. 2011; Azzolin et al. 2014) . Our genetic analysis demonstrating that YAP or TAZ is absolutely required for intestinal tumorigenesis following APC inactivation therefore suggests that targeting YAP or TAZ may provide a more selective means against the APC mutant colorectal cancers with minimal effect on normal intestinal physiology compared with current approaches aimed at β-catenin inhibition (Lesko et al. 2014 ).
Materials and methods
Mouse genetics
APC Min /+ (Moser et al. 1990; Su et al. 1992 ), Villin-Cre (Madison et al. 2002) , Catnb flox (Brault et al. 2001) , and Rosa26-LacZ mice (Soriano 1999) were from the Jackson Laboratory. Catnb lox(ex3) mice were described previously (Harada et al. 1999 ). Lgr5-EGFP-IRES-creER T2 mice (Barker et al. 2007) were kindly provided by Dr. Hans Clevers. APC flox (APC Δ14 ) mice (Colnot et al. 2004) were kindly provided by Dr. Christine Perret. Taz flox mice (Xin et al. 2013) were kindly provided by Dr. Eric N. Olson.
Yap flox ) and Sav1 flox 
Cell culture analysis
ON-TARGETplus human APC, Lats1, and Lats2 siRNAs were from Thermo Scientific. BIO and XAV939 were from Sigma-Aldrich. Recombinant human Wnt3a
was from R&D Systems. BIO and XAV939 were used at 10 µM. Wnt3a was used at 100 or 250 ng/mL. Transfection reagents Lipofectamine RNAi-MAX and Lipofectamine 2000 were from Life Technologies, and Effectene was from Qiagen.
Myc-Lats1-expressing, Myc-Sav1-expressing, HA-YAP-expressing, and HA-TEAD2-expressing vectors were described before (Dong et al. 2007; Liu-Chittenden et al. 2012 ). Flag-β-Trcp-expressing (#10865) (Zhou et al. 2000) , HA-Sav1-expressing (#32834), HA-Mst2-expressing (#33098), HA-Mob1-expressing (#32835) (Zhao et al. 2007) , and Flag-β-cateninS33Y-expressing (#19286) (Kolligs et al. 1999 ) vectors and TOP-FLASH (#12456) (Veeman et al. 2003 ) and 8xGTIIC-Lux (#34615) (Dupont et al. 2011 ) reporter plasmids were from Addgene. The Flag-tagged APC construct was amplified from expressing vector containing human full-length APC cDNA (Addgene # 16507) (Morin et al. 1997 ) with forward primer 5′-CCGGGATCCATGGATTACAAGGATGACGACGATAAGGCTGCAGCTTCATATGATCAG-3′ and reverse primer 5′-CCGGGATCCTTAAACAGATGTCACAAGGTAAGACCC-3′, subcloned into pGEM-T Easy vector, and confirmed by sequencing. The Flag-APC construct was released from pGEM-T Easy vector by BamHI digestion and subcloned into pCNDA3.1 + vector predigested with BamHI.
HEK293 cells were cultured in DMEM (Gibco-Life Technologies) supplemented with 10% FBS, L-glutamine, and antibiotics. APC knockout HEK293 cells were generated as described (Ran et al. 2013) . Briefly, the guide oligos 5′-CACCGTGTATATCCATGCGACAGTC-3′and 5′-AAACGACTGTCGCATGGATATACAG-3′
were annealed and subcloned into pSpCas9(BB)-2A-Puro vector before transfection into HEK293 cells. Puromycin (1 µg/mL) was used for selection after transfection. Surviving cells were diluted in DMEM at a concentration of 0.5 cells per 100 µL and plated in 96-well plates. Colonies derived from single cells were expanded, and APC mutant colonies were confirmed by Western blot and genome sequencing.
hybridized onto the whole-mouse genome oligo microarray (Agilent Technologies, 4x44K). After the slides were washed, the arrays were scanned by the Agilent scanner G2505C. Agilent Feature Extraction software (version 11.0.1.1) was used to analyze the acquired array images. Quantile normalization and subsequent data processing were performed using GeneSpring GX version 11.5.1 software (Agilent Technologies). After quantile normalization of the raw data, genes that had at least three out of six samples with flags in Detected ("all targets value") were chosen for further data analysis. Differentially expressed genes with statistical significance were identified through Volcano Plot filtering. The default threshold was fold change of ≥2.0 (P-value ≤ 0.05).
Pathway analysis was applied to determine the roles that these differentially expressed genes played in these biological pathways. Finally, hierarchical clustering was performed to show the distinguishable gene expression profiling among samples. Hybridization and raw data analysis were done by Arraystar, Inc.
Analysis of YAP and β-catenin status in human cancers
Formalin-fixed, paraffin-embedded sections were obtained from archival human tubular adenomas, pancreatic acinar cell carcinomas, ovarian serous carcinomas, and pancreatic ductal adenocarcinomas that had been surgically removed at the Johns Hopkins Hospital. The diagnosis of these cancers was rendered based on established criteria by specialized pathologists (A. Maitra and R.A. Anders). Heat-induced antigen retrieval was performed in a steamer using citrate buffer (pH 6.0; Vector Laboratories) for 25 min followed by 30 min of cooling. Nonspecific binding was blocked for 30 min with 5% goat serum in TBST. Serial sections were then incubated with two primary antibodies-anti-YAP (1:150; Epitomics) and anti-β-catenin (1:500; Sigma)-overnight at 4°C.
The signals were developed using the ABC kit purchased from Vector Laboratories according to the manufacturer's suggestions. Finally, sections were counterstained with Harris hematoxylin, subsequently rehydrated in distilled H 2 O and graded series of ethanol (70%, 95%, and 100%), and mounted.
Western blotting
Jejunal tissues and cultured cells were lysed, and the extracted proteins were analyzed. The primary antibodies used for Western blot were rabbit anti-Mst1 
Quantitative real-time PCR
RNAs from intestines was extracted using the TRIzol reagent (Invitrogen). RNA was reverse-transcribed using the iScrip cDNA synthesis kit (Bio-Rad).
Quantitative real-time PCR was performed using the iQ SYBR Green supermix (Bio-Rad) on a CFX96 real-time system (Bio-Rad). The primers used for real-time PCR were as follows: Yap, 5′-TACATAAACCATAAGAACAAGACCACA-3′ (forward) and 5′-GCTTCACTGGAGCACTCTGA-3′ (reverse); Taz, 5′-GAAGGTGATGAATCAGCCTCTG-3′ (forward) and 5′-GTTCTGAGTCGGGTGGTTCTG-3′ (reverse); and Gapdh, 5′-CCCAATGTGTCCGTCGTGGAT-3′ (forward) and 5′-TGTAGCCCAAGATGCCCTTCAG-3′ (reverse).
